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In-Situ Observations of Phase Transformations in the HAZ of
2205 Duplex Stainless Steel Weldments

T.A. Palmer, J.W. Elmer, and Joe Wong
Lawrence Livermore National Laboratory

Ferrite (8)/austenite (y) transformations in the heat af-
fected zone (HAZ) of a gas tungsten arc (GTA) weld in 2205
duplex stainless steel are observed in real-time using spatially
resolved X-ray diffraction (SRXRD) with high intensity syn-
chrotron radiation. A map showing the locations of the & and
y phases with respect to the calculated weld pool dimensions
has been constructed from a series of SRXRD scans. Regions
of liquid, completely transformed y, a combination of partially
transformed y with untransformed 8, and untransformed &+y
are identified. Analysis of each SRXRD pattern provides a
semi-quantitative definition of both the &/y phase balance and
the extent of annealing which are mapped for the first time
with respect to the calculated weld pool size and shape. A
combination of these analyses provides a unique real-time
description of the progression of phase transformations in the
HAZ. Using these real-time observations, important kinetic
information about the transformations occurring in duplex
stainless steels during heating and cooling cycles typical of
welding can be determined.

Introduction

Duplex stainless steels (DSS) have a mixed microstruc-
ture characterized by elongated austenite (y-fcc) grains in a
ferrite (3-bcc) matrix. They are processed, usually by hot
working or annealing in the two phase (8+y) region, to pro-
duce a balance between the amount of 6 and v in the finished
product. With this microstructure, duplex stainless steels
combine the desirable properties common to both austenitic
and ferritic steels. For example, duplex steels typically dis-
play a yield strength about double that of a typical austenitic
steel with a superior resistance to stress corrosion cracking
approaching that of a ferritic stainless steel and the ease of
fabricability of an austenitic steel. The combination of these
desirable properties makes them an important class of engi-
neering materials, with a variety of applications in the marine
and petrochemical fields and beyond.'”

During fusion welding processes, the base metal micro-
structure is altered in both the heat affected zone (HAZ) and
the fusion zone. In the fusion zone, duplex stainless steels
solidify entirely as 8. Once solidified, the high-temperature

ferrite can undergo a solid-state phase transformation to aus-
tenite with sufficient cooling. Even though temperatures in
the HAZ do not exceed the liquidus temperature and no solidi-
fication during the cooling cycle occurs, phase transforma-
tions in the HAZ are equally complicated. For example, the
heating and cooling cycles prevalent in the HAZ drive the &/y
phase transformation in different ways, depending on the loca-
tion, and create a non-homogenous structure.””

Several researchers have specifically investigated the &/y
phase transformation in the HAZ of various DSSs during a
number of different fusion welding processes.*"> They have
collectively identified a number of features of this phase trans-
formation. For example, the heating cycle is dominated by the
transformation of y into & and the growth of the ferrite grains.
The cooling cycle is dominated by the transformation of § into
y. Other processes driven by the weld thermal cycles, such as
alloy element partitioning, are also observed and found to af-
fect the &/y transformation. Even though a number of differ-
ent welding processes over a range of different welding
parameters have been examined, the conclusions are based on
either empirical models or theoretical analyses based on ther-
modynamics and transformation kinetic theory. Direct obser-
vation of these phase transformations in real-time is required
for more realistic input into these models and to gain a better
understanding of the phase transformations in this material
system.

Spatially resolved x-ray diffraction (SRXRD) with high
intensity x-rays produced by synchrotron radiation has re-
cently been developed and used to study HAZ phase trans-
formations in GTA welds."*?'  This technique allows the
phase transformations to be directly observed in real-time with
high spatial resolution during both the heating and cooling
cycles of the welding process. Several materials systems have
been studied using this technique, including commercially
pure titanium,'*"” plain carbon steel (AISI 1005)," austenitic
stainless steel (AISI 304),”?" and flux core arc welding
(FCAW) filler metals.”’ Prominent phase transformations
specific to each alloy have been mapped, and significant in-
sights into the associated kinetics of phase transformations in
the HAZ of welds have been gained.
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In this study, SRXRD is used to investigate the 3/y trans-
formation in the HAZ of a GTA weld in a 2205 DSS. A de-
tailed map of the phases present in the HAZ using the SRXRD
results is developed. Regions containing the liquid weld pool,
completely transformed y, a combination of untransformed &
and partially transformed y, and untransformed y and & are
identified. The locations of these phase regions are compared
with the calculated temperature isotherms of particular impor-
tance to this alloy. Individual SRXRD patterns are also
shown to provide semi-quantitative information about the
transient volume fractions of the & and y phases during the
welding. Furthermore, the width of the Bragg peaks provides
a means of detecting the effects of annealing of the phases
within the HAZ. Based on these results, characteristics of the
phase transformations occurring within the HAZ and the metal
affected by the welding process are determined using direct
real-time observations.

Experimental

Material and Welding Parameters

A series of gas tungsten arc (GTA) welding experiments
have been performed on a 2205 DSS (22.43 Cr-4.88 Ni-3.13
Mo-1.40 Mn-0.023 C-0.18 N-0.004 S-0.005 O-0.0007H-0.67
Si-0.02 Al-0.03 B-0.08 Co0-0.20 Cu-0.03 Nb-0.028 P->0.005
Ti-0.05 V- Bal. Fe). The as-received material has been solu-
tion annealed at 1065°C for 2.5 hours followed by water
quenching to ambient temperatures. Cylindrical welding
samples (10.2 cm diameter, 8 cm long) have been machined
from the as-received forged bar stock.

GTA welds are made using a peak current of 130 A and a
background current of 90 A pulsed at a frequency of 300 Hz
The pulsing parameters are designed to minimize the side-to-
side motion of the liquid weld pool, thus decreasing the poten-
tial experimental error in the location of the liquid/solid inter-
face. The arc gap is set at a distance of 0.28 cm, correlating to
an arc voltage of 17 V, and welding was performed using a
W-2% Th electrode with a diameter of 0.47 cm. Shielding is
provided to the weld pool by high-purity (99.999%) helium
being flowed through the torch and from a helium side blow,
which removes soot (condensed metal vapors) from the area
being examined with the synchrotron x-rays. A travel speed
of 0.6 mm/sec is achieved by rotating the cylindrical bar at a
constant speed of 0.11 rpm below a stationary electrode. A
new electrode is used for each weld and is straight ground
with a 90° included angle taper.

To avoid contamination of the weld metal with the exter-
nal atmosphere, welding is performed in an environmentally
sealed chamber. The welding process is monitored with an
infrared (IR) camera (Inframetrics, Inc. Model 600). This
camera has a 0.46 m focal length and a 40 x 25 mm field of
view. Prior to welding, the chamber is evacuated to a vacuum
level of approximately 8 Pa using a mechanical roughing
pump, after which the chamber is backfilled with helium until
it reaches atmospheric pressure.

The microstructures of the 2205 DSS base metal and the
weldment have been examined using optical microscopy.
Etching of the samples is performed using an electrolytic

NaOH etch described in ASTM standard A 923987 A
Nikon EpiPhot metallurgical microscope, outfitted with a Po-
lariod Digital Microscope Camera, is used in performing the
optical metallography. The typical base metal microstructure
of the 2205 DSS studied here is shown in Figure 1. A two
phase &/y structure is shown, in which the darker phase is fer-
rite and the lighter phase is austenite.

Figure 1. Optical micrograph of typical base metal micro-
structure in the 2205 DSS: austenite: light; ferrite: dark.

The volume fractions of the ferrite phase in the base metal
are measured using Scion Image (Scion Corporation). These
measurements have been used as a standard to convert the
intensity fraction measurements in the SRXRD results to the
suitable volume fractions. In addition, microhardness meas-
urements (Vickers’ hardness scale) have also been made
across the top surface of the weldment at 0.25 mm intervals
and a load of 50 gm.

SRXRD Parameters

The SRXRD experiments are performed on the 31-pole
wiggler beam line (BL 10-2)* at the Stanford Synchrotron
Radiation Laboratory (SSRL) on the Stanford Positron-
Electron Asymmetric Ring (SPEAR)."?!" 1In this setup, the
synchrotron beam emerges from the wiggler and is focused by
a toroidal mirror to a size of approximately 1 mm high x 2
mm wide and monochromatized with a double Si(111) crystal.
The focused beam then passes through a 260 um tungsten
pinhole to render a sub-millimeter beam on the sample at an
incident angle of approximately 25°. These portions of the
experimental set-up are shown schematically in Figure 2. A
photon energy of 12.0 keV (A = 0.1033 nm) has been chosen
to maximize the number of observable diffraction peaks and
to ensure that the photon energy is high enough above the Fe
K-edge (7.112 keV) and the Ni K-edge (8.332 keV) to mini-
mize the K-fluorescence contribution from the sample. Fur-
ther details regarding the experimental set-up are described in
detail elsewhere.'**!

In a typical SRXRD run, a total of 38 diffraction patterns
spaced either 250 pum or 500 pum apart are gathered along a
linear path outward from the weld centerline into the HAZ.
The path covered by the SRXRD run spans between 10 and 20
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mm, depending on the spacing between each data point. A
diffraction pattern is recorded while the beam is at a fixed
location with respect to the welding electrode. For each pat-
tern, an integration time of 10 seconds is used while the bar is
rotated under the torch at a constant speed. With a travel
speed of 0.6 mm/sec, each SRXRD pattern is integrated over a
distance of 6 mm. Within 26 range examined here (approxi-
mately 25° to 57°), there are three peaks associated with the
bee (8-Fe) and four peaks associated with the fce (y-Fe)
phases in the 2205 DSS.**

Photodiode

Tungsten
Monochromator
Focused Array Detector

inhol
Synchrotron \ / ot

Beam —\
Ne—

Ion
Chamber

Cylindrical Sample

Figure 2. Schematic diagram of the SRXRD experimental set-
up.

Further analysis of the individual Bragg peaks in each
SRXRD pattern is undertaken in order to extract the micro-
structural properties of various phases in the material at spe-
cific locations. Both the area under the peak and the full
width at half maximum (FWHM) values are determined for
each peak in every SRXRD pattern. In order to measure the
area and width of a given peak, the experimental peak is fitted
with a sum of one or more Gaussian peak profile functions
and a linear background.'® The area and FWHM values of the
fitted Gaussian functions are then measured using an auto-
matg:sd curve-fitting routine developed in Igor Pro®, Version
3.1.

Modeling of Turbulent Heat Transfer and Fluid Flow

Knowledge of both the weld pool geometry and thermal
cycles in the weldment is necessary to fully understand and
map the phases present. Since the direct measurement of
these properties is difficult, calculations using complex
mathematical models have been undertaken.”**’ This model
has been tested extensively on a number of different materials
systems and welding parameters by DebRoy and coworkers.”*
' Detailed descriptions of this model are available else-
where,'7**** and only a cursory description is included below.

A three dimensional, turbulent heat transfer and fluid
flow model numerically solves the equations of conservation
of mass, momentum, and energy. In order to take into account
the transient nature of welding, it is transformed into a steady-
state problem by solving these equations in a coordinate sys-
tem attached to and moving with the heat source. Compo-
nents of the K-& model, where K is the turbulent kinetic en-
ergy and € is the dissipation rate of turbulent kinetic energy,
are incorporated in order to solve the turbulent components of
heat transfer and fluid flow.!”**° Within this model, the ef-

fects of turbulence on fluid flow and heat transfer in the
weldment are included through the use of effective viscosity
and effective thermal conductivity parameters, which are the
sums of the turbulent and molecular components of each pa-
rameter. The value of the turbulent viscosity can be deter-
mined through the solution of the equations of conservation of
K and €. The turbulent thermal conductivity is then related to
the turbulent viscosity by the turbulent Prandtl number, which
is set to a value of 0.9.

The governing equations are represented by a set of finite
difference equations and solved iteratively on a line by line
basis utilizing a tri-diagonal matrix algorithm.'”*>" The solu-
tion domain has dimensions of 30.7 cm in length, 5.3 cm in
width, and 2.3 cm in thickness. A 56 x 40 x 32 grid system is
used in the calculations. The boundary conditions used in
these calculations'”**?! are similar to those used in previous
studies. For example, calculations have been performed in a
Cartesian coordinate system on only half the workpiece be-
cause of the mirror symmetry of the weld pool, and a flat weld
pool surface has been assumed. The data used in these calcu-
lations are listed in Table 1.2**%

Table 1. Summary of material properties used in the heat
transfer and fluid flow calculations.

Property Value Reference
Liquidus Temperature (K) 1715
Solidus Temperature (K) 1589
Density of Liquid (kg/m®) 7200 32%
Enthalpy of Solid at Melting 6
Point (J/kg) 1.05x10 33
Enthalpy of Liquid at Melting 6
Point (J/kg) 1.32x10 33
Specific Heat of Solid
(J/kg-K) 418.68 32
Specific Heat of Liquid (J/kg-K) 808.05 32
Thermal Conductivity of Solid "
(W/mK) 18.83 32
Thermal Conductivity of Liquid "
(WmK) 62.76 32
Viscosity of Liquid (kg/m-sec) 0.006 32
Temperature Coefficient of 4 "
Surface Tension (N/m-K) -3.25x10 32
Cpefﬁment of Thermal Expan- 1.00x10°5 3
sion (1/K)

* Values are based on approximations from pure metal values.

Values for the liquidus and solidus temperatures have
been determined from a calculated pseudo-binary phase dia-
gram® constructed using ThermoCalc®. Figure 3 shows the
calculated mole fractions of the liquid, 5, and y phases as a
function of temperature. The role of each alloying element is
taken into consideration when calculating the phase stability
of the & and y phases, providing an increased accuracy in the
calculation of the liquidus (1443°C), solidus (1316°C), and the
5/y phase transformation (1316°C) temperatures. During cool-
ing from the melt, these calculations predict that the mole
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fraction of ferrite decreases with decreasing temperature,
reaching a minimum value near 8§50°C. With further de-
creases in temperature, the ferrite mole fraction again in-
creases, while the austenite mole fraction decreases.

LIQUDy

0.00

700 800 900 1000 1100 1200 1300 1400 1500
TEMPEBATURE (C)

Figure 3. Calculated mole fractions of liquid, ferrite, and aus-
tenite in the 2205 DSS plotted as a function of temperature.®
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RESULTS AND DISCUSSION

SRXRD Results

Prior to each welding run, an initial room temperature x-
ray scan of 10 seconds in duration is collected at the weld
starting location. This scan provides an x-ray diffraction pat-
tern characteristic of the base metal. There are four y (fcc)
and three & (bcc) peaks visible, with the fcc (111) and bec
(110) peaks dominant. Texturing produces more intense (110)
S and (111) y peaks in the base metal than in the calculated
powder patterns.

Figures 4(a-d) show x-ray diffraction patterns gathered at
several distances from the weld centerline at a location 1 mm
ahead of the heat source. Changes in location produce
changes in both the peaks present in each pattern and in their
general characteristics. For example, the intensity, width, and
20 position of each peak changes with the distance from the
weld centerline. For example, at 3.75 mm from the weld cen-
terline (y=3.75 mm) no peaks are present, indicating that this
location is part of the liquid weld pool.

As the distance from the weld centerline increases to 4.75
mm (y=4.75 mm), only the bec (110) peak is present. The
presence of only a ferrite peak at this location indicates that

bee(110) (b)

25 30 35 40 45 50 55
2-0 Diffraction Angle (degrees)

=

g @

s bee(110)

E fec(111)

o fee(200) bee(200) bee(211)
:— l l lcc(‘220) A

= e P TTY T P
25 30 35 40 45 50 55

2-0 Diffraction Angle (degrees)

Figure 4(a-¢). SRXRD patterns taken during welding at locations 1 mm ahead (x=-1 mm) of the electrode and at (a) y = 3.75 mm, (b)
y=4.75 mm, (¢) y = 5.50 mm, and (d) y = 6.75 mm from the centerline of the weld pool.
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complete transformation to ferrite has occurred. With further
increases in the distance from the weld pool (Figures 4(c-
d)),both ferrite and austenite peaks are present, but the general
shape of each peak changes with location and the y/d ratio
increases. These changes in the peak shape are related to the
effects of the partial transformation and the annealing of the
ferrite and austenite phases. Based on a collection of these
sets of x-ray diffraction patterns, a map of the phases sur-
rounding the weld pool can be constructed.

Modeling of Weld Pool Size and Shape

Along with the phase locations in the weldment, the weld
pool shape and size and associated isotherms are calculated.
Figure 5 shows the calculated steady-state temperature and
fluid flow fields in the weld pool in three dimensions. Both
the liquidus and solidus isotherms, which match the lig-
uid/solid boundary and the &/y transformation temperature,
respectively, are shown along with several additional iso-
therms in the liquid weld pool.

Welding
Direction

0 2 4 4
-6 -8 _ 2
X (mm) 10 0 ““m)
Temperature (C)
50 mm/sec

1316 1443 1450 1500 1550 1600 1650 1700 1750 1800

Figure 5. Three dimensional plot of results of the heat transfer
and fluid flow calculations.

The general shape of the weld pool and characteristics of
the velocity and temperature fields in this figure are character-

12
10

Y (mm)
N A SN X

AN

istic of welds made under these conditions. For example, the
top surface of the weld pool displays only a slightly elongated
shape, consistent with the rather slow travel speed used in
these experiments. In addition, the downward direction of the
velocity fields in the center of the weld pool is consistent with
what would be expected with the presence of sulfur (0.004 wt.
pet.).>?>3 A comparison between the calculated and experi-
mental weld pool cross sections is shown in Figure 6. Both
cross sections display a similar shape, depth, and width,
thereby, the calculated weld pool dimensions are adequately
correlated with the experimental results for these weld condi-
tions.

-—
50 mm/sec
T

Temperature (C)

1316 1443 1450 1500 1550 1600 1650 1700 1750 1800

Figure 6. Comparison between the experimental and calcu-
lated weld pool cross sections.

SRXRD Phase Mapping

A detailed map of the locations of the y and & phases in
the HAZ with respect to the calculated weld pool temperature,
profiles is shown in Figure 7. Three primary phase regions
(liquid, 8, and &+y) are superimposed over the calculated lig-
uidus (1443°C) and the &/y solvus (1316°C) isotherms. The
liquidus isotherm (1443°C) very closely corresponds with the
liquid phase locations in the SRXRD experiments. Adjacent
to the liquid phase, the single phase ferrite region is observed.

I Liquid/No Diffraction

H Ferrite (bcc)

Ferrite (bcc) and
Austenite (fcc)

4/y Solvus

-12-10 -8 -6/-4 -2 0 2 4 6 8 10 12 14 16 18

Liquidus

X (mm)

Figure 7. Complete phase map of the DSS weldment based on SRXRD observations and heat transfer and fluid flow calculations.
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As the distance from the weld centerline increases, a two
phase &/y region is observed adjacent to the single phase &
region and extends in all directions.

Each region identified in Figure 7 can be correlated with
the temperatures experienced there. In the single phase 6 re-
gion, the temperatures and times are sufficient to drive the
complete transformation of the y in the base metal duplex mi-
crostructure to . Based on thermodynamic calculations, the
entire region between the liquidus and &/y solvus isotherms
should consist only of 5. The presence of y in this region re-
sults from the insufficient combination of time and tempera-
ture necessary to completely transform the y to 8. A more
detailed analysis of the SRXRD data is required in order to
determine this boundary between the partially transformed y
and the untransformed duplex microstructure.

Analysis of SRXRD Patterns

Volume Fractions of the 6 and y Phases

The &/y phase balance in the HAZ evolves during the
heating and cooling cycles of the welding process. This phase
balance at a specific location can be semi-quantitatively de-
termined by measuring the areas of the individual ferrite and
austenite peaks in each SRXRD pattern. The peak areas
measured in each SRXRD pattern are converted into the in-
tensity fractions of austenite and ferrite, which are defined as
the ratio of the sum of the measured peak area for each phase
to the total peak area in a single SRXRD pattern.

Intensity fractions measured in the base metal are com-
pared with base metal volume fractions determined from
quantitative metallography measurements.”**  These tech-
niques are commonly used to determine the &/y phase balance
in these alloys and provide verification for the SRXRD values.
According to the metallographic measurements, a 6/y phase
balance of approximately 57:43 exists in the base metal. This
phase balance compares well with that expected for the heat
treatment conditions used in the processing of the base metal.
On the other hand, the uncorrected base metal SRXRD data
display a &/y phase balance of approximately 62:38.

This lack of agreement results from differences in the
structure factors associated with the Bragg peaks of the phases
as well as differences in the physical density of the ferrite and
austenite (68% packing efficiency for bec vs. 72% packing
efficiency for fcc). Since these factors specifically affect the
SRXRD peak area measurements, the base metal SRXRD
values are calibrated with the metallographic measurements in
order to convert the SRXRD measurements into volume frac-
tions. Based on the conversion, the calculated calibration
constant for & (0.909) and y (1.144) are applied to the meas-
ured SRXRD peak intensity fractions to determine the volume
fractions of each phase.

Figure 8 shows the & and y volume fractions with increas-
ing distance from the weld centerline 2 mm ahead (x=-2 mm)
of the heat source. Only § is present in the region adjacent to
the weld pool edge. As the distance increases, the 6 volume
fraction decreases until y=6 mm, where both the & and y vol-
ume fractions stabilize at values equivalent to the measured
base metal volume fractions.

1.0F —e— FERRE

09k —— AWSIENTE
08
07 FUBION

b ZONE
06 .
0S5 F g \I}/\EIAL
04} TVAe

&

02 F
01
00

VAULME FRAAION

0 1 2 3 4 5 o6 7 8 9 10
DISANE FROM WHDCENIERINE (MM

Figure 8. The &/y phase fractions measured from the SRXRD
data are shown at 2 mm ahead (x=-2 mm) of the heat source.

A refined phase map, compiling all of these measure-
ments is shown in Figure 9.  This map tracks the progress of
the 8/y phase transformation during the welding process. Ex-
amination of this map shows that the 6 volume fraction first
decreases to levels below those found in the base metal on the
leading edge of the weld pool. At locations behind the weld
pool, the & volume fraction rapidly recovers to that observed
in the base metal.

In order to provide an explanation for this behavior, the
thermal history and & volume fraction are plotted as a function
of location along a path parallel (y=9.5 mm) to the welding
direction in Figure 10(a&b). During heating, the 6 volume
fraction decreases until a minimum value is reached near the
peak temperature (~750°C). As the metal starts to cool, the &
volume fraction increases rather rapidly and approaches that
observed in the base metal. These observations indicate that
the 35— phase transformation is favored during heating, up to
temperatures approaching 750°C. Previous researchers have
noted the possibility of the occurrence of the 8—vy phase trans-
formation in the HAZ only during the cooling cycle.*”

Thermodynamic calculations support the &—y phase
transformation on heating. An examination of Figure 3 shows
that as the temperature increases from room temperature to
approximately 850°C, the & mole fraction decreases. The &
mole fraction reaches a minimum value in the vicinity of
850°C and increases with increasing temperature, reaching a
value of 1.0 at a temperature of approximately 1316°C. The &
and y volume fractions shown in Figure 10(b) are generally
consistent with these thermodynamic calculations. While
these thermodynamic calculations provide insight into the
stability of & and v, they do not provide information about the
kinetics of the 3—y—¥0 transformation on heating and cooling.
Further work is required to more adequately understand the
mechanisms underlying these observations.

Annealing

Measurement of the FWHM values of the y and & peaks
can provide additional insight into the effects of the welding
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mm).

process on the material. Previous work''"* has noted a nar-
rowing of the peak width from the base metal value with heat-
ing. These same peak narrowing effects are observed in the
DSS and are illustrated here using the fcc (111) and bee (110)

peaks. Peak widths are measured in each SRXRD pattern and
compared with the appropriate base metal peak width. A ratio
between these two values is then used as a measure of the ef-
fect of the thermal cycles on the material at that specific loca-
tion. When this ratio reaches a value of 1.0, the base metal
has been reached.

The FWHM ratios for the fcc (111) and bee (110) peaks
are plotted in Figure 11 as a function of the distance from the
weld centerline at locations 5.5 mm ahead (x=-5.5 mm) of the
heat source. These ratios increase with increasing distance
from the weld centerline and reach base metal values at dis-
tances of nearly 10 mm (y=10 mm) from the weld centerline.
The FWHM ratios for the & and y peaks are nearly identical,
indicating that the two phases are affected by the annealing
conditions in much the same fashion.

L2F o miln)

1.1 f —— B110

10 PN
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08F
07F
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¢
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0.0
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DISTANCE F ROM WEIDCENIERINE (MM)

Figure 11. Plot showing the FWHM ratios of the fcc (111)

and bee(110) peaks at 5.5 mm ahead (x=-5.5 mm) of the heat

source.

A map showing the locations where the FWHM ratios are
at least 0.9 for the fcc (111) and bee (110) peaks is shown in
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Figure 12. It is assumed that a FWHM ratio of 0.9 generally
corresponds to the boundary between the annealed material
and the base metal. The FWHM ratios of both the & and y
peaks reach this value at a distance of approximately 12 mm
from the weld centerline. Behind the weld pool, the FWHM
values retain the same distance from the weld pool edge as
that established during the heating cycle.
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Figure 12. Phase map showing the locations at which the

FWHM values of the fcc (111) and bee (110) reach 0.9 of the
base metal.

This boundary corresponds well with the 550°C isotherm.
It can therefore be assumed that the effects of annealing in the
weldment are observed at temperatures beginning around
550°C. Lower welding temperatures produce no observable
change in the base metal. These calculations also show that
the effects of the welding process, at least for the welding pa-
rameters analyzed here, extend to distances of approximately

12 mm from the weld centerline. This boundary between the
annealed region and the base metal corresponds well with the
results of microhardness measurements made across the fu-
sion zone and HAZ.

Combined Map of HAZ

SRXRD results and those of the turbulent heat transfer
and fluid flow model are combined in a schematic map shown
in Figure 13. In this map, phase transformations and the re-
gions over which they occur are identified. Several of the
transformations identified here are observed only in real-time
using SRXRD. No other means is available for observing
these transformations since the evidence of these reactions
disappears with the onset of cooling.

The weld heating and cooling cycles are the primary driv-
ers for these phase transformations. For example, certain re-
actions (2-5) occur during heating, while others (7-10) are
observed only during cooling. During heating, the material
first experiences annealing (2) as temperatures exceed 550°C.
After annealing, the material undergoes its first transforma-
tion, in which the & in the duplex &/y base metal microstruc-
ture begins to transform to y (3). This transformation, which
begins at temperatures of approximately 700°C, accounts for
the decreased & volume fractions observed in Figures 9 and
10.

As the weld pool is approached and temperatures con-
tinue to increase, the HAZ microstructure is governed by the
peak temperature experienced at a given location. At peak
temperatures exceeding approximately 1100°C, y begins to
transform to & (4). Increasing peak temperatures further drive
this reaction. When the peak temperatures exceed approxi-
mately 1375°C, the remaining y completely transforms tod (5).
With lower peak temperatures, the &—y reaction (3)

20
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i ’ 3. & —y
tor ’ 4. y — 5 (H)
14— Heating ,” Cooling 5. (5)
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Figure 13.
SRXRD data.
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Schematic representation of HAZ phase transformation and annealing boundaries in the weldment determined from
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continues. Once the peak temperature is reached, the heating
cycle is complete. However, several of the reactions dominant
during heating (3-5) continue.

With the onset of cooling, another series of reactions be-
come prevalent. With peak temperatures between approxi-
mately 700°C and 1100°C, the retransformation of y back to &
occurs (7). This reaction matches the recovery in the ferrite
volume fraction observed in Figure 10(b). The resulting &/y
phase balance after the completion of this recovery is similar
to that of the base metal. Even though the resulting micro-
structure resembles that of the base metal, this region has un-
dergone a number of transformations and is identified as part
of the transformed region (9). Regions with peak tempera-
tures between 550°C and 700°C only undergo annealing dur-
ing heating (2) and retain these characteristics during cooling
to room temperature.

Regions near the weld pool (6) edge undergo a series of
transformations different from those observed elsewhere. In
regions where the y phase is completely transformed 6 (5), the
4 phase undergoes a partial transformation to y (8) on cooling.
Only a small portion of the § present in this region undergoes
this transformation, leaving a &/y phase balance different from
that in the base metal. A similar transformation occurs in the
adjacent region (8a), where the partially transformed micro-
structure undergoes a partial transformation of § back to y.
Unlike the transformation in region 8, which includes both the
nucleation and growth of y in a & matrix, this d—Yy phase
transformation (8a) only involves the growth of existing y
grains. In both cases, the resulting 3/y phase balance differs
from that observed in the base metal. With the completion of
these phase transformations, the final microstructure in the
HAZ is formed.

Summary And Conclusions

A combination of in-situ SRXRD measurements and
thermofluids modeling has been used to produce a map of the
HAZ in a 2205 DSS weldment. The location and size of re-
gions of completely transformed y to 8, partially transformed y
to 8, and annealed 6 and y in the HAZ are identified. Based
on these observations, conclusions regarding the real-time
characteristics of the phase transformations occurring can be
made.

A. A map showing the regions where the dominant phase

transformations occur during both heating and cooling in

the HAZ has been produced from a compilation of the

SRXRD analyses (Figure 13).

B. A semi-quantitative map (Figure 9) of the 8/y phase
balance in the HAZ is developed from analysis of each
SRXRD pattern. According to this map, the regions adja-
cent to the weld pool are completely transformed to & dur-
ing heating. With increasing distance from the weld pool,
the & volume fraction generally decreases. However, this
decrease is not monotonic, and the & content drops below
that of the base metal in places.

C. A decrease in the 6 volume fraction below the base
metal value on heating followed by its recovery during

cooling is observed along a path parallel to the welding
direction (Figure 10(b))in region 3 of Figure 13. These
transformations are predicted by thermodynamic calcula-
tions (Figure 3), but this work represents the first time
these transformations have been directly observed.

D. A boundary between the annealed material and the
base metal (Figure 12) is determined using FWHM meas-
urements. This boundary corresponds with the calculated
550°C isotherm during the heating cycle and is unaffected
by the cooling cycle.

Overall, this work provides an in-depth definition of the
phase transformations occurring within the HAZ of a DSS
weld. These observations have been possible only through the
use of this novel observation technique (SRXRD) and lay the
groundwork for a more detailed study of the kinetics of the 8/y
phase transformation in the HAZ during arc welding.
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